This paper presents the results of an explorative study on the strategies and tactics applied by the mechanical designer during the later phases of the design process. The method chosen for this study is experiment-based, which is appropriate for an in-depth examination of the designer's activities. Six experiments have been run based on three dimensions: 1) the carrying out of basic design tasks consisting of the designer's strategies and tactics; 2) use of rules, principles and guidelines; and 3) consideration of additional factors. The analysis of the experiments is based on the verbal protocol analysis method.
INTRODUCTION
The later phases of the mechanical engineering design process (called hereafter design process for short) traditionally consist of the embodiment design phase (or system-level design phase) followed by the detail design phase. They cover all the design activities following the conceptual design phase: architecture and embodiment of the product; development of the different product chunks and parts; prototyping; adaptation to production; final specifications; documentation. Numerous tools and techniques -most often computer-based -have been developed that have made the realization of these actual design activities more and more time and cost effective. On the other hand, few changes have been made concerning the design process itself. Most of the existing methods are often structured around the "concretization" of the product during the design process: an iterative refinement and improvement of the features of the product until production launch. Thus the designer's way of working has to be adapted to the different degrees of concretization of the product. Other methods present a set of more general design activities, but leave the designer to structure his or her own work.
Our hypothesis is that the design process can be refined with a designer-centered approach. Many methods concerning the conceptual design phase already take into account the designer's skills, competencies and limitations as a human being. For the generation and development of concepts, many methods, based on creative problem-solving techniques, collaborative work, etc. are integrated into design methodologies. The need for extensive creativity and the degree of freedom during the later phases of the design process might be somewhat reduced -constrained by the product specifications -but still, it is obvious that there is a manifold of possibilities for further developing a concept, and this relies largely, if not exclusively, on the designer.
Our overall goal, of which this paper is a part, is to contribute to the development, improvement and refinement of the later phases of the process design by adopting a designercentered perspective. This should eventually lead to a better design process, ensuring in turn more time and cost effective activities and hopefully a better product quality. This presupposes, however, knowledge of the designer's activities, strategies and the tactics he or she is really applying during the design process. While the designer's activities in the field are extensively documented regarding the conceptual design phase, data are missing when dealing with the design phases that fol-low. Thus our approach, de facto empirical, consists first and foremost in a descriptive study of the designer at work. This paper presents the second study of a three-stage investigation of the designer's activities. These stages are: 1) the problem-solving activities which represent the operational level of the design activity -this first part has been presented elsewhere [1] ; 2) the strategies and tactics applied during the design activity of embodiment design and detail design (presented here); and 3) the designer placed in his or her work environment (to be carried out).
This article is structured as follows. The first section presents the background of the study: a survey of previous research that focuses on the late design phases of the design process and the level-based model of the designer's activities. The second section describes the method chosen for the present study. Finally, the results are presented and discussed.
BACKGROUND

Embodiment design and detail design phases in general
The methods that describe the later phases of the design process are largely based on the product concretization process. Nevertheless, these methods often present elements that are oriented towards the designer's knowledge and skills. These elements serve as a basis for our study.
One of the most detailed processes of the later design phases is the one described in Pahl & Beitz [2] . They organized the embodiment design phase in 15 steps and the detail design phase in 5 steps. This logically encourages the practitioner to begin with the most important parts of the product ("the main function carriers") and to iteratively refine and improve the layouts and form designs until the final designs are produced. The detail design phase deals partly with the finalization of the details of the product, controlling of standards, etc. and partly with the integration of all the documentation for production and archiving. In order to help the designer, a checklist is added to the process. The designer is encouraged to check systematically for a number of factors that have to be taken into consideration during the process. Accumulated experience and practice have led to the application of some basic rules, such as simplicity, clarity and safety. Pahl & Beitz emphasize their use at any step of the embodiment design and detail design phases. Moreover, the design process works together with a certain number of principles and guidelines that help the designer in dealing with specific aspects and related problems of the design activity. Finally, there is one step in the process presented by Pahl & Beitz that concerns the designer rather than the product: the "check for errors" step, where the designer is encouraged to check for possible design faults.
The theory of technical systems is central to Hubka's work (see [3] ). The procedural model of the design process is structured around the concretization of the technical system (see [4] , p. 34). The steps are similar to Pahl & Beitz' process, even if some of their embodiment design tasks are carried out in the detail design phase by Hubka (e.g. establishment of tolerances and surface properties). The structural model of the design process ( [5] , p. 135) is the hierarchical decomposition of the design activities. Below the level of three main design phases (conceptual design, embodiment design and detail design), the design activities are arranged in four levels, with respect to their complexity. Each activity of a lower level contributes to a higher-level activity. The second level, design operations, gathers all activities dedicated to the realization of the technical system, irrespective of the design phase. The third level contains the problem-solving process activities, and the fourth and fifth levels contain activities and actions that are independent of the design activity (e.g. "experiment" or "sketch"). There are not, however, any structure or priorities in the progress of the activities within each level. Finally, a chapter is dedicated to the designer in Hubka [5] , but more as a description of what a designer should be, rather than about the designer's actions and their consequences for the design process.
In Ulrich & Eppinger's [6] product development process, the later phases of the design process are denoted as systemlevel design and detail design. The former focuses on the product architecture, while the later actually deals with the embodiment and the detailing of the product part. The systemlevel design process guides a designer through the particular problem of product architecture. The process of the detail design phase is partly presented.
Pugh, in Total Design [7] , regroups the later design phases into one single phase, detail design. Unlike the other approaches, the process is not decomposed into a sequence of activities. Indeed, there is not even an imposed frontier between the conceptual design phase and the detail design phase. The designer may need to "jump" from one phase to another depending on his or her needs. Thus, a step is made towards the exploitation of the designer's skills and knowledge. The designer's degree of freedom is also emphasized. Instead of a process, two checklists are given, concerning general points and component design specification elements. This is completed, as in Pahl & Beitz [2] with a selection of principles and guidelines. The simplicity rule is also well emphasized here.
Like Pugh, Ullman in The Mechanical Design Process [8] regroups the later design phases into the "product design" phase. The model of this phase is structural like Hubka's model, with activities that are not sequenced. Even more, it is asserted that most of these activities are simultaneous.
Studies of the designers' tactics and strategies
Studies of design activity in the later phases of the design process are relatively sparse in the literature. Indeed, most of the studies concern the observation of the conceptual design phase. This may be due to the fact that at the conceptual level the problems presented to the designers are ill defined and susceptible to adding considerable biases to the process of finding a solution. This is also due to the intensive need of creativity and the effort made to understand it. Finally, the decisions taken at this phase are crucial to the further development of a product, although the later phases of a product design are still important concerning the time they take, the consequences they have on the subsequent production of the product, and the extensive costs they involve. Because of the nature of the different phases of the design process, the findings of the studies of the conceptual design stage can hardly be extrapolated to embodiment design and detail design.
In a previous literature survey, described in Motte & Bjärnemo [9] , a set of sixty papers and books concerning the cognitive activities of (conceptual) design were selected. This set has been used once again to find studies related to the goal of this paper. In addition, the last conference proceedings of ICED and DTM (ICED'01, ICED'03, DTM'03) have been screened. The studies that addressed the goal of this paper are presented below.
Based on past studies of mechanical designers, Ullman [10] stressed the importance of sketching. He showed that if the designers often begin with the product architecture and then add details about "shape and fit" (2002, p. 57), these three aspects are strongly correlated. Moreover, the elements related to the design activity that the designers handle most -at a tactical and strategic level -are 1) manufacturing and assembly, and materials; 2) costs; and 3) requirements.
The study by Lewis et al. [11] covered both the conceptual design phase and the embodiment design phase. Experts and students were asked to solve the same task and enter their process in a logbook. All three professional designers reported that they had used their own method, developed over the years. What they described may roughly reflect what they did, but Visser [12] , in an earlier study, showed that the plans the designers described are generally not applied in integrality. They serve as "triggers of action", as guidelines, but "as soon as other actions are more interesting, [the designer] abandons his plan to proceed with these actions" (1990, p. 247). Visser's method was observation with simultaneous verbalization. The important point of that study is that a clear design process, followed or not, clarifies the situation and helps the designer through his design process.
Eisentraut and Günther [13] studied four experts whose task was to solve an adaptive design problem: modify the height and inclination adjustment of a writing table. The designer who had the best solution was the only one who documented his process exhaustively. He analyzed his solutions in concrete, but incomplete, sketches, and combined the good ones. In a further paper, Eisentraut [14] showed that the individual problem-solving process the designers developed through education and practice determined the way they organized their design process.
The different levels of study of the designer's activities
In order to obtain a comprehensive image of the design process as a whole (within the designer-centered perspective), we have developed a model of the designer's activities based on four levels, from the sociological aspects of the design process to the basic cognitive elements that support it. This model is used as a framework that structures our investigation into the design process. The first level of this framework is based on systemic considerations of the problem: the environment in which the designer works may have a decisive influence on the execution and outputs of the design process activity [15] . The structure and hierarchy of the other levels are similar to the one presented by Hubka [4, 5] and constitute a representation of the problem-solving process that can be found in the literature [16] . The four-level study model of the designer's activities is presented in Fig. 1 .
The highest level is that of the designer in his or her work environment. The designer has to consider a given task (a chunk or a part of the whole product) that has to be fulfilled within a given time. The designer interacts with the environment in terms of computer-based software, handbooks, etc. The designer can ask for help from other designers (if available). Part of his or her work may be performed as a team. The designer may be subordinated to decisions made by his or her superior.
At the second level, during the actual designing, the designer deploys a strategy adapted to the design task and applies tactics to solve the problems at hand by organizing the design activities, applying rules, principles and guidelines.
These strategies and tactics might in turn be decomposed into design operations. At that level, cognitive aspects are considered, among others creativity, the problem solving process, knowledge, visualization, and external support systems like sketching and computational tools. While this domain is extensively studied at the conceptual design phase, little work has been done so far concerning the embodiment design and detail design phases. Fricke [17] focuses on task clarification. The study by Ball et al. [18] is oriented towards electronic engineering, where problems are slightly different (no constraints on form design, for example). Concerning the problem-solving process activities, it was found that the procedural process "information search -solution finding -evaluation / decision" is followed. However, the designers did not try to generate several solution candidates as in conceptual design, but alternated between synthesis (solution creation and refinement), mechanical modeling of the problem, and evaluation [1] . Finally, these design activities are decomposed into basic cognitive elements: perception, pattern recognition, memory tasks, imagery, attention, intelligence, etc. The problem-solving process, for example, is supported by such things as induction, deduction, abduction and abstraction. These basic cognitive elements are still the focus of active research in cognitive sciences; the mechanisms behind the notions of deduction or in-duction, for example, are still far from established (see Bisanz et al. [19] and Rips [20] ). Note that these elements are not specific to design activities. Moreover, the evolution of these basic elements is the result of a life-long process and can hardly be taught and changed in a simple and rapid manner. However, studies of the basic elements might reveal additional differences between experts and novices, and they could also partly explain creativity. Studies concerning these basic cognitive activities are, for example, Lin & Wang [21] , who studied abduction in an industrial design problem, and Kavakli & Gero [22, 23] , who analyzed sketching as a mental imagery process.
The level of elementary cognitive elements, which is the concern of the design theory field, is beyond the scope of the study reported here. Our study is limited to the three highest levels, of which this paper addresses the second level.
METHOD
Verbal Protocol Analysis (VPA)
VPA is a well-suited method for an in-depth study of human-specific tasks and activities. VPA is based on the "thinkaloud" technique. The subject is asked, during an experiment that varies from one to four hours, to think aloud, i.e. to describe aloud what he or she is thinking while solving a design problem [24] . The experiment is recorded on videotape, the audio portion of which is later transcribed. The verbal protocol is then analyzed through a coding scheme, which is a set of categories that represent a cognitive activity or a basic design step. The coding scheme is developed based on former ones or, as with the interview technique (e.g. [25] ), based on a preanalysis of the verbal protocol that will iteratively lead to the discovery and organization of the categories. As in ethnography, the experimenter directly observes the design process. As designers are used to working alone at the later phases of the design process, the framework of a controlled experiment has a little influence on the design process itself. The design process is isolated from external factors, and hence the third and the fourth levels of activity are separated.
Description of the experiment procedure
The experiment procedure has been described elsewhere [1] and is only briefly summarized below.
The subjects selected for the experiments were three students and three experts (more than ten years of experience in mechanical design). The three students all came from Lund University, and have all followed the product developmentmechanical design syllabus within mechanical engineering.
The experiment, for each of the subjects, lasted for two hours. Each experiment took place in an isolated room. The subject was face-to-face with an experimenter. To the left of the subject, a video camera, manipulated by a second experimenter, recorded the sequence, following the focus and the actions of the subject.
After a short exercise in practicing thinking aloud, the mission statement was delivered to the designer. The subject had to design and dimension a support device for a hydraulic piston that had to be fixed to the ground. The piston, guided laterally, had to resist an axial force of 90 kN. Under the piston, an installation was located on the ground. The support was to be located by the side of this installation (see Fig. 2 ). The specifications of the piston were given in the assignment. This design task, then, was relatively well defined, and should correspond to what can be expected from a similar case in industry. Intentionally, the form-giving aspect was not very complex, so that the subjects had time for both synthesis and dimensioning. The designers were expected to produce a final sketch of the technical system. Finally, there was a short interview in which the subjects were asked to evaluate their design and the experiment.
The assignment has most of the characteristics of an embodiment and detail design task, in the sense that the designer has "to fulfill a given function with appropriate layout, component shapes and materials" ( [2] , p. 205). It takes into account most of the factors affecting embodiment design and detail design phases listed in Pahl & Beitz [2] (reported in Table 2 ). This ensures that the strategies and tactics deployed by the designers have a high probability of generalization. Experiments with a slightly different design task should nevertheless be carried out to confirm this point. 
The elements of the study
From the literature review, three dimensions were considered important for the study of the designer's second-level activities. First, we studied the design process itself by decomposing the actual process into single steps. Then it was checked to see if the designer applied the basic rules (clarity, simplicity and safety), or any other principles or guidelines. Finally, we checked if the designer, during the design process, was aware of other factors concerning the product life cycle (e.g. production, transport, recycling).
The basic design tasks of the design process
Initially, a set of categories representing the basic design steps or tasks performed by the designer during the embodiment design and detail design phases was developed. These steps, or more precisely the way they appear and are structured during the experiments, serve as a basis for the analysis of the strategies and tactics applied during design. The categories are presented in Table 1 . 
Layout and form design
Activities that concern the embodiment of the function carriers, the layout of the system, the design of the frame around the function carriers. In our case, there is no frame; the function carriers embodiment is the main task. Special attention dedicated to the technical and economical criteria, which are crucial to embodiment design and detail design (Pahl & Beitz 1996) .
Check
Ch e Check for errors Verification of any possible error in the design or the drawing.
Ch f Check for disturbing factors Check for possible factors that could influence the usual use of the technical system (from [2] ).
D
Detail drawings and documentation
Activities linked to detail drawing (scale, layout of the drawing, organization of the task, drawing) and documentation (list of bills, manufacturing and assembly instructions…).
The tasks of the second category, "Layout and form design" have been partly extracted from a pre-analysis of the protocols, and partly from the literature. This is especially valid for the "scale and spatial constraints" task (L ss ). The "synthesis" task (L sd ) represents the creation activity of the support device, by combining retrieval and comparison of relevant knowledge (mechanical, technical, etc.) with the current design problem. It is here the putting together of the elements to fulfill the physical requirement from the design problem at hand takes place (see [1] ). On a more concrete level, the tasks of choice of materials, components, and joints, appear clearly (L cm , L cc , L cj ). The problem of compatibility between the different elements of the technical system also sometimes appears (L compa ).
Basic rules, principles and guidelines
Numerous rules can be found in the literature, but still clarity, simplicity and safety are the fundamentals of all of them [2] .
Simplicity means that the design must not be complex, is easy to understand and is designed with a minimum of resources. Simplicity implies simple forms and as few components as possible, which leads to lower manufacturing costs, less wear and less maintenance [2, 7] . Clarity means that the function and the working principle of an element can be better predicted and clearly defined within the design. This implies a clear and logical function structure, control of the inputsoutputs of energy, material and signal, description of the relations between causes and effects of the elements, avoiding eventual side-effects as well as re-analysis and numerous iterations for refining the solution [26] . Safety means that the element should secure the technical functions as well as integrity for humans and for the environment.
These basic rules are supported by guidelines based on the constraints of the design, defined during the conceptual design phase. They cover the range of design for X as well as ways of dealing with some physical and natural effects/phenomena like corrosion, wear and thermal expansions.
Finally, these general rules and guidelines are completed by principles, "laws" if you will, focusing on particular design aspects. These have been verified in practice and proven to facilitate the design [27] [28] [29] 2] . If, for example, "a force or moment is to be transmitted from one location to another, with the minimum possible deformation, then the shortest and most direct force transmission path is the best" [28] 2].
Other factors influencing the design
During the design of a product, the designer has to think of many other parameters than the mechanical design itself: manufacturing, logistics, packaging, etc. The list of factors presented in Table 2 
The protocol analysis process
The verbal protocol was structured as shown in Table 3 . Apart from the dimensions described above (design tasks, use of rules, principles and guidelines, and consideration of additional factors), attention was directed to the social behaviors that could bias the designer's problem solving process. The next three columns are the protocol itself, written from the tapes, which concern the verbal exchange between the subject and the first experimenter and the subject's actions and focus. The last column, "others", contains remarks concerning the experiment and possible improvements that were reported during the experiment.
The analysis was executed concurrently by two analysts. The attribution of one category to one episode (one action) was subordinated to the acceptance of this category by both analysts.
RESULTS AND DISCUSSION
Even under the conditions of a controlled experiment, the data collected are qualitatively very rich. The results: specific activities, the later phases of the design process, the strategies and tactics interpreted from the analysis of the protocols of the students and the experts among the different dimensions are presented in section 4.1. The quality of the results and the experiment is then discussed in section 4.2. Finally a synthesis of the strategies, tactics but also weaknesses of the design processes carried out by the designers are presented in section 4.3.
Analysis of the designers' behavior
The three dimensions (1) design tasks, consisting of the designer's strategies and tactics, 2) use of rules, principles and guidelines, and 3) consideration of additional factors) are successively analyzed. The contrast between experts and students helped to differentiate their respective behaviors. The experts and the students have been arbitrarily denoted as A, B, C and 1, 2, 3 respectively, corresponding to the order in which they carried out the experiment.
Description of the design processes
With the coding of the experiments, it was possible to represent the design process of the designer through time. The design processes along the three dimensions used for this study are represented in Fig. 3 for expert A. This designer was chosen because his design process is representative of most of the designers studied.
The designers adopted different strategies: expert A and student 2 performed regular mechanical analyses, based on design principles, in order to establish the dimensions of the support, while the other experts established their dimensions purely on the basis of experience. The other two students did not embark upon dimensioning the support during the time of the experiment. Thus the time and energy dedicated to most design tasks varies greatly.
It did not take the designers long to understand the problem (category Id) -between 1½ and 3 minutes, regardless of the time they took to solve the problem. Most of this time was spent at the beginning of the task, but also occurred at different points throughout the task execution (these figures correspond to the accumulated spent time). Neither the students nor the experts asked questions beyond the scope of the actual task. They did not question the relevance of the task, the working environment of the technical system, nor the means of production; they just directly started working on the task assignment.
The solution principle chosen by the designers determined the time used for the second category, "scale of spatial constraints". Amazingly, all the experts designed a support device that had the shape of an arm taking the flexion created by the force (see Fig. 2 ), while the students preferred a solution that took the force directly, by means of a beam. Thus they needed to place it as near as possible to the equipment below the piston. They had to come back several times to this activity and spent more time: experts A and B needed less than one minute and no iteration while the students needed several minutes and iterations, alternating with evaluation tasks. Designer C needed extra time when she changed her design for safety reasons (see section 4.1.2).
The designers who performed mechanical analysis in order to dimension their technical system had slightly the same pattern of behaviors (in order not to call it a strategy). They defined a rough layout by synthesis, chose the material based on an economical evaluation (the cheapest), then dimensioned each component in an iterate way in order to find the optimal one. They were led to evaluate their design more often than the other designers, around one and a half times more, because they "automatically" compared their results to the specifications. Automatically here means that the evaluation was passive. They regularly came back to the synthesis task, that is, reasoned in a more abstract way in order to model the sub-problem and refine the shape of the components. Having chosen one concrete component, they dimensioned the following one. The "component choice" category (L cc ) represented 33% of the experiment time for expert A and 15% for student 2, to which the time for synthesis is to be added (which represents in total around 40% of the work for expert A and 35% for student 2). They then spent some time on the joint choice category (L cj ) before they began the final drawing. In comparison to expert A, student 2 needed more time on the synthesis task. This was partly due to a lack of experience: the mechanical analysis methods are known but not fully mastered. But this was also due to the design itself that was more difficult to analyze. The student -in fact, all the studentsneeded more time to study the component interfaces (L compa ). They did not look at the interfaces until late in the process. Then, doing so, they developed ad hoc solutions that were no longer standard components, instead of re-thinking their initial design. The experts, on the contrary, reasoned very early in terms of components, and during the synthesis task the interaction of the different parts was taken into account.
The designers who did not establish the dimensions analytically followed the same process, but the time dedicated to the choice of components and joints was significantly lower. Expert C spent 6% of her time, that is, less than 4 minutes. Expert B spent 14% but presented two alternatives to the problem. Students 1 and 3 did not choose any components, remaining at a synthesis level.
The evaluation activities were more frequent by designers A and 2 than the others, because of the longer dimensioning process. These activities represented 20% of all the activities (in terms of number of episodes) by designer A, and 24% for designer 1 against 12% for the others. However, the time for each evaluation was really short: between 5 and 24 seconds on average. Indeed the designers did not use any general evaluation function or evaluation criteria more than: "This must be cheap" (categories E vo , E vc ). Expert A and student 1 used it for their dimensioning. This was not evoked by the other designers, even if it was subjacent to the design process of experts B and C. Thus, there was no use of any clearly stated objective function; this tactic was ignored by the subjects studied. The economic evaluation was less often used, between 0% and 28% (designer A) of the evaluation episodes.
The evaluation episodes (E vt , E ve ) served indirectly as measures of design skills. For student 2, the evaluation episode was followed in 40% of the cases by a change of action. That meant for example that the student could not follow the current basic design task begun before evaluation but had to refine his knowledge of the problem or modify his solution principle (25% of the evaluation episodes). Experts, on the contrary, had a change of action in 24% of the evaluation episodes for A, and 10% for B. C had as high as 40% change of action after an evaluation episode, but they occurred at the drawing (D) stage (see below). Moreover, the student had a majority of evaluation episodes during the synthesis phase (50%), followed or not followed by a change of activity. Expert A had in comparison 13% of evaluation episodes during the synthesis phase, the remaining episodes being shared between component choice, material choice and joint choice.
Only experts checked for errors (Ch e ): 8% of all the episodes for A, 4% for B. The students, on the other hand, did not verify their design. This situation is probably due to the limited time of the experiment; it shows, however, that the experts check their work earlier in the process. Only expert C looked upon possible disturbing factors (checked for possible factors that could influence the usual use of the technical systemcategory Ch f ). She considered that the piston, although already axially supported, could break under extreme use conditions. She then modified her first, simple, design into one that would function more safely.
The participants were asked to turn in a final sketch with all the information needed for further development. Experts A and B and students 2 and 3 made a scale drawing (category D). All designers discovered mistakes in their detail drawings, in particular spatial constraints. This is especially apparent for expert C, who began the scale drawing activity early in the process and went back and forth from synthesis to choice of components in order to fulfill "demands" illustrated in the drawing (which also explains the great number of changes of action after the evaluation episodes following the drawing activities).
Basic rules
The basic rules of simplicity, safety, clarity, were studied parallel to the single design process activities. As in the last section, the rules have been interpreted by the designers' descriptions of their actions.
It is visible in the figures representing the design process for experts A and C and student 2 that the application of the basic rules occurs early in the process, and almost exclusively during the synthesis activity. This is when the designers develop the rough layout of the solution and give form to the parts. Expert C applied these rules at the end of the design process because of the need of refining the support device created by the final drawing activity. The students applied the rules in a somewhat more dispersed way, along with new insights of their designs.
Simplicity is, among other things, the use of standard components and simple forms. This has been fairly well understood by the students who began by trying to make their designs simple at the beginning. Simplicity is mentioned by both experts and students on average 5 times per hour during the design process. But if there is a need of modification, the way the students proceed is by locally acting on the problem, and without applying the simplicity rule. This often led to the design of unique parts and complication of the overall design. The simplicity rule gave successful solutions on the experts' side. The designs are minimalist, the need for manufacturing operation is very limited, and a majority of components are standardized.
The safety rule is used relatively more often by the experts than by the students (evoked on average 5 times per hour). Nevertheless, the students mostly considered component reliability, and sometimes the functional reliability, while 2 experts even considered the operator safety (chamfers to prevent injury during manipulation). Expert C paid attention to the functional safety: she took into account that the hydraulic cylinder could break under use and designed an additional support part to preclude this eventuality.
The clarity rule was the rule that the students applied least, and this made the greatest difference between the students and the experts. As a result, students' designs were difficult to analyze, and the force flows were difficult to establish. However, the experts did not apply it systematically either. Both experts A and C felt some difficulties with some particular elements of their design, but their first reaction was to try to analyze the problem in depth instead of searching for clearer solutions. They eventually did so, earlier than the students, but this shows that the rule of clarity, though powerful, is not a natural principle.
Principles/Guidelines
The observation of the activities of the designer and of their designs served as the basis for the analysis of this dimension.
The students more often applied principles and guidelines than the experts. They applied the principle of force transmission (principle of uniform strength and principle of direct and short force transmission path, [2] , p 239-241) (a beam transmitted the force applied to the piston directly to the ground), and the principle of stability. Students 1 and 3 applied the principle of self-help: a second beam positioned symmetrically to the first prevented buckling. Nevertheless, if these solutions were clever on an abstract level, their embodiment was considerably more difficult. It resulted in complications in the product layout and form and in the design of the unique parts. The experts were more pragmatic in their approach and tried to apply principles only in concrete cases.
Student 2 was the only subject that used guidelines: one for the dimensioning of a beam with consideration of buckling and one for the calculation of welding joints.
Other factors
The subjects were considered to be taking care of factors other than those directly concerned, when they explicitly referred to them: to choose between bolts or welding joints was an explicit reference to the factor "manufacturing/assembly".
The factors "costs" and "manufacturing/assembly" were the ones most considered. The experts evoked them more often than did the students (8 times versus 4 times on average). Moreover, expert A thought about the possibility of dismantling, while expert B thought about the durability of the product.
Amazingly, no one evoked the problem of transport (most of the designed support devices weighed more than 100 kg), of control, of maintenance or of recycling. This was perhaps of minor importance in the frame of this experiment, but it tends to show that factors other than "costs" and "manufacturing/assembly" are considered secondary by designers and are not yet fully and naturally integrated in the design process.
Quality of the results and of the experiments
The quality of the results concerns the reliability of the data, the reliability of the interpretation (the results presented in 4.1), and the validity of the results.
The reliability of the data depends on their collection and on the methods that are applied. The VPA method has been widely used in the field of cognitive psychology, and more than a hundred studies in mechanical engineering are based on it. Early experiments have shown that the think-aloud process has the side effect of slowing down the thinking process, but not its efficiency [24] . The data are then recorded on videotape, so there is no loss of data during collection.
The discontinuities that can be observed in the charts (see e.g. Fig. 3 ) correspond to events that occurred during the experiments and were not related to the design problem. The subject, for example, sometimes began a discussion with one of the experimenters on another subject than the design problem. This was often the first sign of fatigue and was a way of relaxing. On other occasions, the designer felt himself obliged to justify why he or she had made a calculation error. Finally, some episodes could not be coded, because the designer remained silent for some time or was inaudible. These non-coded episodes represent 2%-3% of the total amount of episodes, that is, one or two episodes of each of the experiments. The discontinuities represent between 4.5% and 8.5% of the experiment time; thus they do not interfere with the subjects' overall process of design. One of the weaknesses of this method is that the categories that are used for coding the experiments are developed and used for interpretation by the analyst himself. In this study, the coding scheme was submitted to a third person, an expert in mechanical design, who could judge the relevance of the categories. Moreover, in the literature the categories differ between different studies and different authors, which makes it difficult to compare them, but the important point is that they must be able to describe fully and independently the different episodes of the experiments and allow a clear interpretation of the events.
As for ethnographies and case-based studies, these results are not valid in the sense that they cannot be generalized to all designers and students. But the purpose of this study is explorative: describe what continually happens during the later phases of the design process, extract the important actions and behaviors of the designers and deduce the strategies and tactics they apply. These important phenomena can thus be studied more closely, repeated and validated. The designers' activities that will need further development are presented in the next section.
Strategies, tactics and weaknesses
From the analysis of the designers' behavior presented in section 4.1, we made a synthesis of the elements of importance for the study: 1) the designers' strategies; 2) the tactics applied; and 3) the weaknesses of the design process observed. These elements are summarized in Table 4 .
The strategies that have been observed in the experts present a similar pattern: a rapid understanding of the problem; a synthesis activity that takes into account, very early in the process, the shape of the parts and their interactions; the concrete choice of materials; the optimized choice of standard components; the dimensioning of the joints. Some designers used their experience to dimension the product instead of carrying out regular mechanical analyses, but the sequence of tasks is the same. The designers did not follow a design process oriented towards the progressive refinement and improvement of the product. They did not distinguish between the embodiment design and detail design phases. Instead, they went far into detail considerations before coming back to the synthesis activity. The help procured by the detail drawing activity (a detail design task) shows the benefit of doing so early in the process. That tends to corroborate our hypothesis that the embodiment design and detail design phases can be improved by focusing on the designer's activities rather than on the product evolution.
It has also been observed that the designers have a clear method that they use as a starting point (namely problem understanding, mechanical analysis, synthesis) but then follow it loosely, as can be seen in the designers' charts. This supports Visser [12] 's study.
We found out that this process is very similar to Ullman's [8] 's description of what is occurring in the product design phase. The form, material, components and connections (joints) of a product are indissociable at the beginning of the later phases of the design process on an abstract level of conception. This activity actually corresponds to the synthesis category of the coding scheme.
The experts also used some tactics to get rid of the difficult problems early in the process. They think "solution-wise": they already have in mind the possible shapes for the components to use and try to combine them with respect to force flows. Thus they avoid later problems of spatial constraints and of interface compatibility. Early on, they draw a concrete sketch of the solution on which they can base their analysis. They also have in mind established criteria: minimize the costs; take into account the manufacturing and assembly constraints; and avoid unique parts. The experts tended to document their work more thoroughly, while the student used writing only as an external memory support. Finally, the detail drawing helped everyone to find mistakes.
However, some weaknesses (at least perceived so) have been identified. The designers don't ask questions. They begin designing as soon as they understand the problem. This restrains the problem space, which is effective but can hinder the finding of better solutions. It was, for example, written in our task assignment that the hydraulic piston was axially supported; nobody asked how, nor if it was possible to use this support for the design. The design problems at the later stage of the design process seem to be taken rather as school exercises than as real tasks. Nobody planed his or her work; the designers just tried to go as far as possible in solving the problem. The evaluation and check activities are considered as secondary by the designers. Pahl & Beitz [2] 's steps are important in this context. By including them into the design, they show how the checks and evaluations are central to the design process. The rule of clarity is mastered by the experts, but not systematically applied. So it may also be for the rule of simplicity for a more complicated design problem. Finally, the factors that influence the product design other than costs, manufacturing and assembly are generally neglected by the designers.
CONCLUSION AND FUTURE RESEARCH
In this paper we presented the second study of a three-stage investigation of the designer at work, which aims at a better understanding and description of the later phases of the design process. An experimental approach proved to be appropriate to the purpose of the study. Six experiments were analyzed based on three dimensions: 1) the carrying out of basic design tasks, constituted by the designer's strategies and tactics; 2) use of rules, principles and guidelines; and 3) consideration of additional factors.
Among the designers a similar design process strategy was used. With this strategy, the designers used tactics that improved the efficiency of the design activities, but some weaknesses were also identified.
The experts' opportunistic behavior (going far into detail design when necessary) and most of the tactics they employed resulted in successful outcomes during the experiments. These new results support, among other things, our hypothesis that the design activities during the embodiment design and detail design phases can be refined by focusing on designers' activities.
The next step of the study is to validate the most important elements that can lead to an improvement of the later phases of the design process. This may be achieved to some extent through repeated experiments on the isolated elements. Experiments with a different design assignment should be performed in order to test the generalizability of our results. Alternatively, it would be interesting to try to refine the synthesis category, which is the core activity of the later phases of the design process.
The third stage of the investigation, the designer at work in his or her environment, should be carried out partly by using ethnography, partly through a survey focusing on the sensible points of the design process.
Finally, these findings should serve as the theoretical basis for the development of a more comprehensive design process.
